Abstract-A new two-scale model is proposed for wave scattering from a composite surface.
For each single scale surface roughness, we use a weighted sum of the newly developed statistical integral equation model and the second-order small slope approximation. With these two unifying models collaborating at each scale, this proposed compound model may capture the actual scattering mechanisms and lead to more accurate predictions. It holds the potential to bridge the gap between the regions of validity of the Kirchhoff approximation and the small perturbation model.The chosen simulation parameters suggest that the new two-scale model holds the potential to expand the validity regions of both its large scale and small scale components. The new model may have promising applications for electromagnetic scattering from the ocean surface, whose entire roughness spectrum can be discomposed into small-and large-scale components.
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For electromagnetic scattering from a composite rough surface, different forms of two-scale model (TSM) are usually employed [1, 2] . The surface perturbation is typically divided into the large scale part and the small scale one, which are treated by using different analytical models in these TSM models. To calculate the scattering coefficient, in [1] , the Kirchhoff approximation (KA) was used for the large scale and the small perturbation method (SPM) for the small scale, while in [2] , the SPM was replaced by the first-order small slope approximation (SSA1) for the small scale calculation, leaving KA representation for the large scale untouched.
However, the existence of a gap between the valid regions of the KA and the SPM models may render TSM modles of such combination inaccurate for configurations that are beyond the aforementioned valid regions. Meanwhile, in the literature, some researchers introduced a scaledividing parameter to distinguish large and small scales in the surface spectrum. Values of the cut-off were often chosen in an ad hoc manner. On the other hand, both the second order SSA (SSA2) [3] and the recently developed statistical integral equation model (SIEM) [4] hold the potential to bridge the gap between the valid regions of the KA and SPM models, with varying degree of success. This observation motivates the study in which we use the weighted sum of the SIEM and SSA2 for the single scale computation for our new TSM. We shall briefly review these two models, and then present the new compound model. Finally some numerical simulations will also be provided.
Unlike the conventional integral equation model (IEM) and its various variations, the SIEM treats the local coordinates and related field terms statistically over the orientation distribution of the surface unit normal vector, which is characterized by joint probability distribution function. Furthermore, it incorporates rigorously the shadow function in the field calculation.
The scattering coefficient of the SIEM model is
where
is the Bessel function of the zeroth order α, β) is the roughness spectrum of the nth power of the surface correlation function given by
Details of the SIEM model can be found in [4] . The small slope approximation (SSA) was introduced by Voronovich [3] as a unifying theory which is based on the expansion of the S-matrix. It has been shown in previous literatures that the SSA has a wider valid region than the SPM. In [2] , the SSA1 was used for the small scale calculation. However, it has been noticed that when the correlation length is large, the SSA1 is accurate only for very small slope, and quite sensitive to the RMS height [5] . The SSA2 has shown to be applicable to wider conditions than the SSA1 and is accurate over the whole scattering diagram of the SPM domain except the region with high values of the RMS slope. For surfaces with large kL and moderate to high RMS slopes, however, SSA2 still show appreciable discrepancy with numerical simulations. In this study, we choose SSA2 as a component of the single scale model to evaluate scattering due to its weakness.
The bistatic scattering coefficient for SSA1 is [3, 5, 6 ]
The SSA2 is much more involved:
All the parameters and functions
The new TSM model that we shall propose for scattering from a composite rough surface is to use a weighted sum of the SIEM and SSA2 for either the large-or small scale. As usual the processes governing these two scale surfaces are considered to be independent. Putting it formally, we have σ
For each single scale, the SSA2 is expected to be truly reliable for smaller values of the RMS height with a reasonably small slope, and we resort to the SIEM for lager RMS height and slope. Thus we can further write the scattering coefficient of single scale surface as
where a is the weight given by
Here I(·) is the step function, s 0 and h 0 are thresholds of the RMS slope and RMS height respectively. To evaluate the model performance, we shall first compare the SIEM, the SSA2 and the method of moment (MoM) when kL is large and kσ is small. We expect both the SIEM and SSA2 would show good performance for small RMS slope. In Fig. 1 , the configuration of the surface falls into the usually acknowledged limit of the KA domain where the value of RMS slope is 3.8 • . We can see from Fig. 1 that both the SIEM and SSA2 agree well with MoM. When we reduce kL and slightly increase kσ, such that the configuration is slightly on top of the SPM validity region, where the value of the RMS slope is 24.7 • . The results are presented in Fig. 2 . It is clear that the SSA2 shows 1 ∼ 2 dB discrepancy from the MoM for the majority of the scattered angle range. On the contrary, SIEM still shows very good agreement with MoM. Figure 3 shows the behaviors of backscattering coefficients predicted by proposed compound model for a single scale surface against MoM simulations. In the figure, we can observe that our prediction shows good agreement with the MoM at incident angles larger than 20 • . It should also be noted that at small incident angles, especially near zero degree, the backscattering coefficients all exceed the MoM by around 3 dB. Such discrepancy is currently under investigation. The backscattering coefficients calculated by our new TSM model for both vertical and horizontal polarization are shown in Fig. 4 . The large-and small-scale surfaces fall into the KA region and SPM region respectively. Comparison with numerical simulations will be reported in a later paper.
